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Abstract Haberlea rhodopensis belongs to the group of homoiochlorophyllous desiccation 
tolerant plants which preserve their chlorophyll content during dehydration. It is a typical 
shade adapted plant and it is proved to be very sensitive to light intensity higher than the 
natural during drought stress. To reveal the reasons of their light sensitivity, we compared the 
damages and protective mechanisms of shade plants during desiccation either simulating their 
natural light conditions (30 μmol photons m–2 s–1, LL) or at a moderately higher light intensity 
(100 μmol photons m–2 s–1, ML). In the desiccated stage, no damage could be discovered in 
terms of thylakoid membrane quantity or integrity either at LL or ML. Nevertheless, the 
altered structure and localization of chloroplasts did not restore in plants desiccated and 
rehydrated at ML, where no starch could be re-synthesized but a number of plastoglobuli 
appeared. The PSII activity and the amount of -carotene and lutein decreased more strongly 
in ML leaves in agreement with their higher MDA production. Lack of recovery of ML plants 
may be connected with the very high number of damaged PSII reaction centers caused by the 
loss of the subtle balance between ROS production and scavenging. In addition, because of 
the impaired starch re-synthesis, there is no sink for the water-replacing sugars and water 
cannot be taken up which proved to be lethal to ML plants. 
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Introduction  
 
Desiccation-tolerant or resurrection plants are excellent model systems for studying the 
cellular and molecular mechanisms underlying tolerance against extreme drought. They are 
able to survive desiccation to air-dry state and to resume full physiological activities after 
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rehydration. Upon drying, angiosperm tissues must be protected against a number of stresses 
brought about by or in association with extreme water loss. The irradiation during desiccation 
can be extremely damaging to photosynthetically active tissues (Sherwin and Farrant 1998). 
Under light conditions, desiccation increases the production of singlet oxygen, inducing 
oxidative stress (Farrant et al. 2003; Dinakar and Bartels 2012). Deleterious effects of free 
radicals on biological structures include DNA nicking, oxidation of proteins, and peroxidation 
of membrane lipids (Asada 1999).  
Each desiccation tolerant plant species have evolved different protective mechanisms to 
overcome the photooxidative damages (Moore et al. 2009). Poikilochlorophyllous 
resurrection plants lose their chlorophyll and thylakoid membranes are dismantled during 
dehydration, what has been suggested to be a protective mechanism to prevent photo-
oxidation under conditions when photosynthesis is not possible (Sherwin and Farrant 1998; 
Tuba et al. 1998). Homoiochlorophyllous resurrection plants have alternative mechanisms to 
prevent photooxidation or are able to repair photooxidation-related damage. Resurrection 
plants can avoid excess light by leaf movements, folding of the leaves, accumulation of 
protective pigments, together with enzymatic and non-enzymatic antioxidants (Farrant 2000; 
Neill et al. 2002; Dinakar et al. 2012). 
Physiological properties of the photosynthetic apparatus are of crucial importance in 
desiccation-tolerant plants. The photosynthetic apparatus is very sensitive and liable to 
injuries, and needs to be maintained or quickly repaired upon rehydration (Ramanjulu and 
Bartels 2002). Drought stress is known to inhibit photosynthetic activity in tissues due to an 
imbalance between light capture and its utilization (Foyer and Noctor 2000). During 
desiccation, quenchers accumulate which are stable in the absence of water but revert to non-
quenching molecular species on hydration (Heber at al. 2006). Together with zeaxanthin-
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dependent energy dissipation, desiccation-induced thermal energy dissipation protects 
desiccated plants against photo-oxidation during water loss and in the desiccated state. 
Haberlea rhodopensis (Gesneriaceae) is a resurrection plant of temperate climate, 
originating from the Balkan Peninsula as an endemic and relict species of the Tertiary period. 
From an ecological point of view, H. rhodopensis is a perennial, herbaceous species 
belonging to the group of homoiochlorophyllous poikilohydric plants which preserve their 
chlorophyll content during dehydration. Both the more common low irradiation (shade) 
adapted plants and the recently dicovered highhigh irradiation adapted plants of H. 
rhodopensis growing on rocks directly exposed to sunlight (Daskalova et al. 2011) were 
shown to recover similarly from desiccated stage (Rapparini et al. 2015). In contrast, though 
shade plants were able to survive desiccation to water content of 10% at low irradiance (30 
μmol photons m–2 s–1 photosynthetic photon flux density; PPFD) with photosynthetic activity 
fully recovered after rehydration (Georgieva et al. 2007), they were very sensitive to 
photoinhibition (Georgieva et al. 2008). Their photosensitivity was proposed to be connected 
with the disappearance of a dense substance from the thylakoid lumen during desiccation at 
higher light intensity (Georgieva et al. 2010). The aim of the present study was to reveal some 
of the reasons for the light sensitivity of H. rhodopensis shade adapted plants by assessing and 
comparing the protective mechanisms during desiccation and rehydration at low (30 μmol 
photons m
–2
 s
–1
 PPFD) or moderate (100 μmol photons m–2 s–1 PPFD) irradiation. 
 
 
Materials and methods 
 
Plant material, desiccation and rehydration 
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Well-hydrated Haberlea rhodopensis Friv. plants were collected from their natural habitat 
(Helleno-Carpatho-Balkanic siliceous cliff vegetation) in the Rhodope Mountains where they 
grow on the rock surfaces in deep shade below the tree canopy at light intensity of 20-30 
µmol photons m-2 s-1 PPFD at the natural habitat. Adult rosettes of similar size were selected 
for the experiments. The tufts with their natural substrate (thin soil layer) were planted in 
peat-soil and transferred into a growth chamber, where plants were kept at 22–23 C and 
relative humidity of 60 %. As for treatments, two growth irradiances: 30 μmol photons m–2 s–1 
PPFD (LL) and 100 μmol photons m–2 s–1 PPFD (ML), both with 12/12 h day/night cycles 
were applied. After 10 days of acclimation to the light intensity of the treatments, plants were 
subjected to drought stress by ceasing watering up to air-dry stage. Desiccated plants were 
rehydrated by spraying water on the leaves to simulate rainfall and keeping the soil moist. 
Leaf sampling and measurements were conducted after 2 days (stage D1; RWC about 70 %), 
4 days (stage D2; RWC about 25 %) and 7 days of dehydration (stage D3; RWC about 6 %), 
as well as after 1 day and 7 days of rehydration (stages R1 and R7, respectively). Control 
plants kept either at 30 or 100 μmol photons m–2 s–1 PPFD were regularly watered throughout 
the experiment. Mature but not old leaves of similar developmental stage were chosen during 
the whole period of the experiment. The different parameters were measured taking samples 
of the same leaf or the same group of leaves depending on the amount of sample needed.  
 
Electron microscopy 
 
Leaf pieces taken from the middle portion of two mature leaves in each stage were fixed in 
2.5 % glutaraldehyde (65 mM K–Na phosphate buffer, pH 7.2) for 2 h at room temperature. 
After thorough washing with the above buffer, they were post-fixed in 1 % OsO4 for 1.5 h, 
followed by dehydration in an ethanol series. Samples were embedded in Durcupan ACM, 
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sectioned with a Reichert-Jung Ultracut E ultramicrotome (on three grids from both leaves per 
stage), and then stained with uranyl acetate and lead citrate. The sections were examined in a 
Hitachi 7100 (Hitachi Ltd, Tokyo, Japan) electron microscope. Micrographs were taken with 
a MegaView III camera (Soft Imaging System, Münster, Germany). 
 
Determination of the malondialdehyde content 
 
50–100 mg leaf material was homogenized with 500 μl 0.1 % trichloroacetic acid (TCA). 
Samples were kept on ice until centrifugation at 10 000 ×g for 10 min at 4 °C. One ml MDA 
reagent (20 % TCA, 1.0 % thiobarbituric acid) was added to 250 μl supernatant. After 30 min 
incubation at 100 °C, samples were cooled and examined spectrophotometrically at 532 nm at 
room temperature (Heath and Packer 1968). MDA values were calculated on a dry weight 
basis using the extinction coefficient of 155 mM
-1
 cm
-1
. 
 
Determination of the carotenoid content 
 
For the determination of xanthophyll cycle components, leaf discs were kept in the dark or 
irradiated with 100 µmol m-2 s-1 PPFD for 30 minutes. Other carotenoids were determined 
from both dark and irradiated samples. Leaf discs were powdered in liquid nitrogen and 
extracted with 80 % (v/v) acetone containing 0.1 % (v/v) NH4OH at 4 °C. Carotenoid 
components were separated by a HPLC method (Goodwin and Britton 1988) using a 
Nucleosil C18 column in HPLC-system equipped with an UV/VIS detector (JASCO Int. Co., 
Japan), and acetonitrile:water mixture (9:1, 0.01 % (v/v) triethylamine) and ethyl acetate as 
eluents. Zeaxanthin standard was used for identification of peaks and calculation of pigment 
concentrations (Tóth et al. 2002). The de-epoxidation state of xanthophyll cycle pigments 
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(DEPS) was calculated as (Z+0.5A)/(V+A+Z), where V, A, and Z are violaxanthin, 
antheraxanthin and zeaxanthin, respectively. 
 
Fluorescence induction measurement, quenching analysis 
 
Fluorescence induction measurements were carried out with intact leaves using PAM 101-
102-103 Chlorophyll a Fluorometer (Walz, Effeltrich, Germany). Leaves were dark-adapted 
for 30 min. The Fo level of fluorescence was determined by switching on the measuring light 
(modulation frequency of 1.6 kHz, less than 1 µmol photon m-2 s-1 PPFD after 3 s illumination 
with far-red light in order to eliminate reduced electron carriers (Belkhodja et al. 1998). The 
maximum fluorescence yields, Fm in the dark-adapted state and Fm′ in light-adapted state, 
were measured by applying a 0.7 s pulse of white light (PPFD of 3500 µmol photon m-2 s-1, 
light source: KL 1500 electronic, Schott, Mainz, Germany). For quenching analysis, actinic 
white light (PPFD of 100 µmol photon m-2 s-1, KL 1500 electronic) was provided. 
Simultaneously with the onset of actinic light the modulation frequency was switched to 100 
kHz. The steady-state fluorescence of light-adapted state (Fs) was determined when no change 
was found in Fm′ values between two white light flashes separated by 100 s. For assessing the 
excitation energy allocation in all samples, the quenching parameters of Hendrickson et al. 
(2005) were used: 
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where the total absorbed excitation energy, ΣEexc=ΦPSII+ΦNPQ+Φf,D+ΦNF=1 and ΦPSII is the 
quantum yield of photochemistry; ΦNPQ is the quantum yield of light dependent and ΔpH- and 
xanthophyll-mediated regulated thermal dissipation; Φf,D is the combined quantum efficiency 
of fluorescence and constitutive, light-independent thermal dissipation; and ΦNF is the 
quantum yield of thermal dissipation in inactivated, non-functional PSIIs. FvM/FmM was 
applied as the mean of quasi non-inhibited (fully hydrated plants) Fv/Fm values according to 
Solti et al. (2014). Since the normalisation method of the excitation energy allocation is based 
on quasi non-inhibited ‘controls’, the differences in the PSII maximum quantum efficiencies 
indicate the fraction of inactivated PSII reaction centres by any reasons in the treated plants 
(eg. Solti et al., 2014; Solti et al., 2016a, Solti et al., 2016b). The intensity of actinic light was 
low enough not to cause additional inactivation of PSII centres, i.e. changing the basis of 
normalisation (Haberlea rhodopensis high irradiation adapted plants) caused no increase in 
the ΦNF parameter (Solti Á, unpublished results), thus ΦNF can be considered the fraction of 
PSII reaction centres inactivated under the desiccation process. 
 
Statistical analysis 
 
For each sample at least three measurements were performed on fully expanded mature leaves 
collected from different plants. Comparison of means was made by the Fisher least significant 
difference (LSD) test at P ≤ 0.05 following ANOVA. A statistical software package 
(StatGraphics Plus, version 5.1 for Windows, USA) was used. 
 
Results 
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The decrease in RWC of Haberlea leaves during dehydration under low or medium light 
irradiance was very similar. The leaves were dehydrated to about 70 % (stage D1) and 25 % 
RWC (stage D2) after 2 and 4 days, respectively, and they were nearly fully desiccated after 7 
days (6 % RWC, stage D3). Following rewatering, plants desiccated at LL regained most of 
their water content very rapidly, within 24 h (about 70 % RWC, stage R1), and were 
completely rehydrated after 7 days (about 90 % RWC, stage R7). However, despite of some 
transient rise in the RWC of plants desiccated at ML after 1 day of rehydration (17 % RWC), 
their RWC was only 10 % of the corresponding control in stage R7. Exposure of well-watered 
(control) H. rhodopensis plants to ML did not influence the leaf water content. 
Electron microscopy of control, desiccated and rehydrated H. rhodopensis shade leaves 
revealed changes in the location, shape and inner structure of chloroplasts during the 
treatment (Fig. 1). Control chloroplasts showed normal structure, containing a little more 
starch in ML plants (Fig. 1a, b). In the desiccated stage, when the chloroplasts became 
roundish, and re-localized into the inside of the cell, the starch grains completely disappeared 
from the LL plastids, while a few of them occasionally remained in the ML plastids. The 
thylakoids were arranged more or less concentrically, but no damage could be discovered in 
terms of thylakoid membrane quantity or integrity either at LL or ML (Fig. 1c, d). However, 
the control structure and localization of chloroplasts did not recover in plants desiccated and 
rehydrated at ML, where no starch could be re-synthesized (in contrast to the LL plastids), but 
a number of plastoglobuli appeared (Fig. 1e, f). 
Dehydration of H. rhodopensis leaves to around 25 % RWC (D2 stage) doubled the 
amount of MDA (Fig. 2). ML plants had even higher MDA content, which was about 35 % 
higher compared to LL plants. MDA levels remained relatively high in the fully dehydrated 
stage (D3) and they were higher than the controls in both LL and ML plants after the recovery 
period (R7). 
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Dehydration to about 70 % RWC (D1) did not influence the carotenoid content calculated 
on a dry weight basis, while the –carotene and lutein contents were strongly reduced both in 
D2 and D3 stages (Fig 3a, b) similarly to the amount of the total carotenoids (not shown). The 
levels of neoxanthin and VAZ did not change significantly, though VAZ content showed a 
slightly increasing trend during the desiccation of ML plants (Fig 3c, d). Recovery of the 
carotenoid contents was only observed in LL plants. At the same time, the level of carotenoids 
on a total Chl basis did not change significantly, except a slight trend of increase in the VAZ 
content in ML leaves during the desiccation period (Fig. S1). 
The light and dark de-epoxidation indices changed characteristically during the treatments 
(Fig. 4). In light-adapted stage, the de-epoxidation index was similar in LL and ML leaves. 
During dehydration of LL plants, de-epoxidation of violaxanthin was slightly elevated only in 
D2 stages, whereas it increased during desiccation and also after rehydration of ML plants 
(Fig. 4a). In dark-adapted stage, however, the de-epoxidation index increased gradually both 
in LL and ML leaves as they lost water, and in ML leaves even after rehydration in contrast to 
LL leaves where it recovered (Fig. 4b).  
In agreement with the changes observed in the dark de-epoxidation indices, larger dark-
stable de-epoxidated carotenoid pools were built up during desiccation starting from the 
D1and D2 stage in ML and LL plants, respectively (Fig. S2). Moreover, further elevation of 
the pool was found during rehydration of ML plants.  
Excitation energy allocation changed markedly during desiccation and rehydration but the 
trend of changes was different in LL and ML treated leaves (Fig. 5a, b). Quantum yield of 
PSII photochemistry (ΦPSII) strongly decreased in D2 stage and was zero in D3 after 
desiccation at both LL and ML. While it recovered almost totally after one day rehydration in 
LL plants, only some transient rise was observed in their ML counterparts. The combined 
quantum efficiency of fluorescence and constitutive thermal dissipation (Φf,D) increased in D2 
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stage in the leaves of both LL and ML plants, and in ML plants during rehydration (Fig. 5a, 
b). It decreased after total desiccation (D3 stage) compared to D2 stage, more strongly in ML 
plants. ΦNPQ, the quantum yield of light dependent and ΔpH- and xanthophyll-mediated 
regulated thermal dissipation, strongly decreased under severe desiccation (D3 stage), and 
recovered in rehydrated leaves of LL but showed only transient increase in ML plants. Light 
minus dark de-epoxidation indices (light induced de-epoxidation) changed more or less in 
parallel to those of ΦNPQ (Fig. 5c, d). The quantum yield of thermal dissipation in non-
functional PSII (ΦNF) was antiparallel to those of ΦPSII: it was high in strongly dehydrated 
stages of leaves in both LL and ML plants, and also in the R1 and R7 stages of ML leaves. 
 
Discussion 
 
Homoiochlorophyllous resurrection plants, which maintain their photosynthetic apparatus 
during desiccation, are able to regulate photosynthetic activity and protect the photosynthetic 
apparatus during water loss (Toldi et al. 2009). Shade and sun adapted plants of H. 
rhodopensis did not differ markedly in their photosynthetic machinery (Sárvári et al. 2014), 
both could recover from desiccated stage at their natural environment (Rapparini et al. 2015). 
However, the shade adapted plants proved to be very sensitive to higher than the natural light 
intensity during drought stress (Georgieva et al. 2008). To reveal the reasons of their light 
sensitivity, we compared the damages and protective mechanisms of shade plants during 
desiccation either simulating their natural light conditions (30 μmol photons m–2 s–1 PPFD) or 
at a moderately higher light intensity (100 μmol photons m–2 s–1 PPFD) which is generally 
tolerated by the well-hydrated plants (Georgieva et al. 2010). 
Desiccation and rehydration induced significant changes in the structure and function of 
mesophyll cells in shade populations of H. rhodopensis, (Georgieva et al. 2007, 2010). 
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Though ML treatment did not influence the photosynthetic activity of H. rhodopensis plants 
in fully hydrated stage (Georgieva et al. 2010), PSII activity declined more strongly in ML 
treated plants during dehydration which did not recovered upon rewatering, in contrast to LL 
plants (Fig. 5). Loss of photosynthetic performance was accompanied by a proportional 
elevation in the MDA content due to the production of reactive oxygen species (Das and 
Roychoudhury 2014). MDA content was the highest in D2 stage under both light conditions, 
but higher in ML than in LL plants. Thus, stronger lipid peroxidation, determined as increased 
MDA accumulation in ML plants during desiccation, indicate the incapability of recovery.   
Though the ROS production was quite low due to the abundant protective mechanisms in 
H. rhodopensis plants (Gechev et al. 2013), the transient production of ROS during the water 
loss and possibly also under rehydration might result in damages of the photosynthetic 
apparatus. A part of protein complexes were decomposed in both LL and ML thylakoids as 
reflected by the reduction in their chlorophyll (Georgieva et al. 2010) and carotenoid contents 
(Fig. 3). However, the latter was nearly unchanged on a chlorophyll basis due to the similar 
extent of reduction of chlorophyll and carotenoids. Particularly, the amount of -carotene and 
lutein decreased owing to the decomposition of PSII complexes (Sárvári et al. 2014; 
Mihailova et al. 2011), and more strongly in ML leaves in agreement with their higher MDA 
production.  
Most of the oxidative damages are connected to the malfunction of the photosynthetic 
apparatus under water deficit (Lawlor and Cornic 2002). In addition to the different protective 
mechanisms and substances detected in H. rhodopensis plants (Yahubyan et al. 2009; 
Georgieva et al. 2010; Djilianov et al. 2011; Apostolova et al. 2012; Gechev et al. 2013), 
alteration in the excitation energy allocation were also found to contribute to the protection of 
the photosynthetic apparatus during water loss in both in LL and ML plants. Among the 
quenching processes working in the antennae, ΦNPQ, the quantum yield of the energization 
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(and thus xanthophyll cycle) dependent thermal dissipation proved to be the most important in 
plants with active photosynthesis. The elimination of ΦNPQ in the terminal stage of desiccation 
showed similarities to the results obtained in the sister-taxon of H. rhodopensis, Ramonda 
serbica (Augusti et al. 2001). The parallel changes in the light-inducible de-epoxidation of the 
xanthophyll pool to ΦNPQ, and the increase in the amount of illumination-insensitive pool in 
the ML leaves upon rehydration together indicated that only the light-sensitive pool is 
involved in the xanthophyll cycle coupled regulated quenching of excitation energy. This is in 
agreement with the earlier findings that only a part of zeaxanthin pool was needed for NPQ in 
Quercus coccifera (Peguero-Pina et al. 2013). The decrease in the ΦNPQ was stronger in ML 
plants, thus in D2 stage, the reduced capability for antenna quenching could also lead to 
damages in the PSII. Therefore, ML plants suffered from larger damage during the 
desiccation, also shown by the higher PSII inactivation (ΦNF). Damages occurring during the 
desiccation may have significant consequences for the capability of recovery. 
In addition to the light-inducible zeaxanthin pool, the sustained zeaxanthin pool was 
also found generally important in the stress protection of desiccation tolerant species, such as 
mosses (Heber et al. 2001) and some tracheophytes (Casper et al. 1993; García-Plazaola et al. 
2012). Various functions of zeaxanthin have been shown: (i) de-epoxidated carotenoids, 
particularly zeaxanthin bound to the monomeric Lhcb4–6 antenna components of PSII and the 
Lhca1–4 subunits of PSI at the L2 site that modulates chlorophyll triplet formation, and 
thereby prevents the production of singlet oxygen (Dall’Osto et al. 2012), (ii) zeaxanthin 
bound to the V1 site of LHCII (Caffarri et al. 2001) contributes to the qI component of NPQ 
(Horton et al. 2005), (iii) binding of zeaxanthin to Lhc proteins strongly decreases the excited 
singlet state lifetime of antenna chlorophylls (Gilmore et al. 1998) thus lowering the 
probability of energy transfer to the reaction centre, (iv) some zeaxanthin localised in the lipid 
phase of the thylakoids (Dall’Osto et al. 2010) or in the chloroplast envelope (Douce et al. 
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1973) has a distinct capacity among xanthophylls in quenching of ROS (Havaux et al. 2007) 
produced either inside or outside of the chloroplasts. In the long term, zeaxanthin induces 
monomerization and degradation of the major LHCII antenna complex, thus further reducing 
the over-excitation of PSII (Havaux et al. 2004). This type of reorganization was also found in 
desiccating H. rhodopensis (Sárvári et al. 2014). In addition to zeaxanthin, neoxanthin, the 
amount of which was stable during dehydration in both LL and ML plants, may be also 
involved in the protection of dehydrating H. rhodopensis plants against photooxidation 
(Dall’Osto et al. 2007; Mozzo et al. 2008). However, such carotenoid based protective 
mechanisms were not enough in ML plants for their survival. 
Protective functional changes were observed not only in the antenna but also in the 
reaction centre part of PSII. The quantum yield of thermal dissipation related to non-
functional PSII (ΦNF), i.e. the transformation of inactivated PSII to heat sinks (Chow et al. 
2002), was already triggered by a small RWC decrease (Strasser et al. 2010; Solti et al. 2014). 
ΦNF increased markedly with severe water loss, more strongly in ML plants (Fig. 4), in 
contrast to its behaviour in sun compared to shade plants (Rapparini et al. 2015). Decrease in 
ΦNPQ and the increase in ΦNF refers to a change in the protective mechanisms in thylakoids of 
LL and ML plants as the water content became lower, and the activity of xanthophyll cycle 
was ceasing. Higher proportion of ΦNF in desiccated ML plants refers to more inactivated 
PSII centres, which may be in connection with their only transient recovery.  
Upon rehydration, only a transient recovery was observed in ML plants (Fig. 5a, b). 
While in R1 stage, the recovery of PSII function started together with a significant increase in 
the ΦNPQ, this process turned back, and the excitation energy allocation profile in R7 was 
more similar to that in the desiccated stage referring to the loss of photosynthetic activity. 
PSII inactivation was significantly higher in the R1 stage of ML plants compared to that of 
LL plants, which refers to more severe damage of the PSII RCs during desiccation in ML 
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plants. Sun et al. (2006) showed that if PSII RCs are inactivated by strong light exposure, they 
may recover, but for the recovery, a small residual functional PSII population was critical. 
Comparing the PSII damages in sun and shade plants, it seems that the shade ones are at the 
threshold of survival during desiccation (Rapparini et al. 2015). From our present results, it 
can be also concluded that ML plants are probably under this tentative threshold of survival.   
ML chloroplasts not only did not recover from desiccated stage but numerous 
plastoglobuli appeared in them. As the prominent component of these lipid droplets is the 
antioxidant tocopherol (Vidi et al. 2006; Piller et al. 2014), their large increase in number 
could be connected with the higher ROS production caused by the concomitant desiccation 
and rehydration under light stress. Although both shade and sun adapted thylakoids contain 
ample protective luminal substance (DLS) during a dehydration-rehydration cycle (Sárvári et 
al. 2014; Georgieva et al. 2015), ML thylakoids run out of this (probably phenolic) substance 
(visible at high resolution) during desiccation (Georgieva et al. 2010). The non-eliminated 
ROS species may damage not only the thylakoid membrane components (PSII RCs), but also 
inhibit starch re-synthesis during rehydration (Fig. 1f). The reason may be either the lack of 
ATP synthesis caused by inhibition of photosynthetic electron transport, or the impaired 
starch synthase activity, or inhibited triose transport across the plastid envelope. In such a way 
there is no sink for the water-replacing sugars filling the numerous small vacuoles in the 
desiccated state (Georgieva et al. 2015). Since water can not be taken up by the cells under 
rewatering, the desiccation proved to be lethal to ML plants. 
Summing up, H. rhodopensis plants acclimated to low light environment are not able to 
survive drought and light co-stress. While xanthophyll cycle activity is the main non-
photochemical quenching mechanism in actively photosynthesizing leaves, quenching by the 
non-functional PSII reaction centres comes into prominence at low leaf water content. In spite 
of the higher zeaxanthin-associated protective mechanisms, lack of recovery of ML plants 
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may be connected with the very high number of damaged PSII reaction centres and the 
impaired starch re-synthesis, caused by the loss of the subtle balance between ROS 
production and scavenging, which arrested the chloroplast structure and the arrangement of 
the whole cell content in the desiccated stage. 
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Fig. 1 Electron micrographs of leaf cells in control (a, b), desiccated (to D3 stage – about 6% 
RWC) (c, d), and rehydrated (for 7 days) (e, f) Haberlea rhodopensis shade plants acclimated 
and treated at LL (30 μmol photons m–2 s–1, a, c, e) and ML (100 μmol photons m–2 s–1, b, d, 
f). pg – plastoglobuli; s – starch. Scale bars are 5 μm. 
Fig. 2 Changes in the MDA content of H. rhodopensis leaves desiccated and rehydrated at LL 
(grey) and ML (white), respectively. C – control (90 % RWC); D1/D2/D3 – stages of 
dehydration to 70/25/6 % RWC, respectively; R7 – 7 days recovery (90/10 % RWC in 
LL/ML leaves). Values are means ± SD (n=3); letters in common within a graph indicate no 
significant differences assessed by Fisher LSD test (P≤0.05) after performing ANOVA. 
Fig. 3 Changes in the carotenoid content of H. rhodopensis leaves (expressed in the 
percentage of the LL control) desiccated and rehydrated at LL (grey) and ML (white), 
respectively. For explanation of symbols see legend to Fig. 2. LL control values of -carotene 
(a), lutein (b), neoxanthin (c), VAZ (d) are in order: 253.0±30.8; 776.1±31.3; 131.7±3.1; 148-
7±8.7 nmol carotenoid g-1 DW. VAZ – Violaxanthin+Antheraxanthin+Zeaxanthin. Values are 
means ± SD (n=6); letters in common within a graph indicate no significant differences 
assessed by Fisher LSD test (P≤0.05) after performing ANOVA. 
Fig. 4 Changes in the de-epoxidation indices, (Z+0.5A)/(V+A+Z), determined in light- (a) 
and dark-adapted (b) H. rhodopensis leaves desiccated and rehydrated at LL (grey) and ML 
(white). V, A, and Z are violaxanthin, antheraxanthin and zeaxanthin, respectively. For 
explanation of symbols see legend to Fig. 2. Values are means ± SD (n=3); letters in common 
within a graph indicate no significant differences assessed by Fisher LSD test (P≤0.05) after 
performing ANOVA. 
Fig. 5 Changes in the excitation energy allocation (a, b) and the light-induced part of the de-
epoxidation indices (c, d) determined in H. rhodopensis leaves desiccated and rehydrated at 
LL (a, c) and ML (b, d), respectively. For explanation of symbols see legend to Fig. 2. Values 
are means ± SD (n=5 – a, b and n=3 – c, d). ΦPSII: quantum yield of photochemistry; ΦNPQ: 
quantum yield of light dependent and ΔpH- and xanthophyll-mediated regulated thermal 
dissipation; Φf,D: combined quantum efficiency of fluorescence and constitutive, light-
independent thermal dissipation; ΦNF: quantum yield of thermal dissipation in inactivated, 
non-functional PSIIs. Letters in common within a graph indicate no significant differences 
assessed by Fisher LSD test (P≤0.05) after performing ANOVA.  
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